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Potential Energy Surface of the Reaction of the Silaformyl Anion and CO2
Abstract
The potential energy surface (PES) for the reaction of the silaformyl anion (HSiO-) with C02 was studied in
detail using ab initio electronic structure theory. The calculated PES, using fourth-order perturbation theory
(MP4) energies with the 6-311++G(d,p) basis set, obtained at MP2/6-31++G(d,p) geometries, shows that
there are two important (low-energy) paths leading to different products, Si0 + HC02- and HSi02- + C02.
There are, in addition, two paths that correspond to oxygen exchanges. All four of these paths lie below the
initial reactants, HSiO- + C02. The calculated potential energy surface is in good agreement with the available
experimental data.
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The potential energy surface (PES) for the reaction of the silaformyl anion (HSiO-) with 
C02 was studied in detail using ab initio electronic structure theory. The calculated PES, 
using fourth-order perturbation theory (MP4) energies with the 6-311++G(d,p) basis set, 
obtained at MP2/6-31++G(d,p) geometries, shows that there are two important (low-energy) 
paths leading to different products, Si0 + HC02- and HSi02- + C02. There are, in addition, 
two paths that correspond to oxygen exchanges. All four of these paths lie below the initial 
reactants, HSiO- + C02. The calculated potential energy surface is in good agreement with 
the available experimental data. 
Introduction 
The reactions of HSiO- with C02, COS, CS2, and SO2 
have recently been studied by flowing afterglow experi- 
ments.l On the basis of analyses using isotopic substi- 
tutions, these four reaction systems have been proposed 
to  have similar reaction mechanisms. The proposed 
mechanisms typically invoke four-membered rings that 
may be intermediate complexes or transition states. 
Similar reaction schemes may also apply to other 
analogous ion-molecule reactions, such as those involv- 
ing HSiS- and HSiNH-.2 
The purpose of the current study is to  use accurate 
electronic structure theory methods to  analyze the 
detailed potential energy surface (PES) for a prototypi- 
cal HSiO- ion-molecule reaction, in order to gain some 
insight into the mechanism. We chose HSiO- + C02 
as a representative system. A similar set of calculations 
on the reaction of HSiO- with COS are in p r ~ g r e s s . ~  
Experimentally, HSiO- reacts with COS to produce 
HC02- + Si0 and HSi02- + CO with a branching ratio 
of 0.45:0.55. The use of isotopically substituted HSi180- 
has established that oxygen atoms from HSiO- and C02 
undergo partial exchange. The proposed reaction mech- 
anism shown in Scheme 1, including the central role 
played by a four-membered-ring structure, is consistent 
with all of these observations. A similar four-membered 
+ Current address: Department of Chemistry, Kansas State Uni- 
@ Abstract published in Advance ACS Abstracts, May 1, 1995. 
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(3) The MP2/6-31++G(d,p) potential energy surface of the HSiO- 
versity, Manhattan, KS 66506. 
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1993,115, 1998. 
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ring was proposed4 for the reaction of silaacetylide anion 
(HCSi-) with C02 and was verified to be an intermedi- 
ate in the metathesis reactions for those two  specie^.^ 
The simplified mechanism proposed in Scheme 1 also 
involves an extrusion reaction, in which CO is elimi- 
nated from the four-membered ring. Possible competing 
mechanisms1 include the formation of intermediate 
three-membered ring species. The calculations de- 
scribed here must account for the relative energetics of 
the possible competing reactions, as well as the relative 
stabilities of the proposed cyclic intermediates. 
Computational Methods 
All geometries were optimized with second-order perturba- 
tion theory (MP2I6 using the 6-31++G(d,pI7 basis set. In the 
MP2 optimizations, no core orbitals were frozen. For all 
stationary points the analytic Hessian was calculated and 
diagonalized to confirm that they are minima (positive definite) 
or transition states (only one vibrational mode with an 
imaginary frequency). For preliminary Hartree-Fock (HFY 
6-31G(d) optimized transition states, the minimum energy 
(4) Damrauer, R.; DePuy, C. H.; Barlow, S. E.; Gronert, S. J .  Am.  
(5) Schmidt, M. W.; Grodon, M. S. J .  Am.  Chem. 1991,113, 5224- 
Chem. SOC. 1988, 110, 2005-2006. 
5248. 
(6) Meller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618. Krishnan, 
R.; Frisch, M. J.; Pople, J. A. J .  Chem. Phys. 1980, 72, 4244. 
(7) (a) H: Ditchfield, R.; Hehre, W. J.; Pople, J. A. J .  Chem. Phys. 
1971, 54, 724-728. (b) C, 0: Hehre, W. J.; Ditchfield, R.; Pople, J. A. 
J. Chem. Phys. 1972, 56, 2257-2261. (c) Si: Gordon, M. S. Chem. 
Phys. Lett. 1980, 76, 163-168. (d) Standard polarizations were used. 
H (p = l,l), C (d = 0.8), 0 (d = 0.81, Si (d = 0.395). (e) Standard 
diffuse functions were used: H (s = 0.03601, C (1 = 0.0438), 0 (1 = 
0.0845), and Si (1 = 0.0331), where 1 means an sp shell. See: Clark, 
T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R. J .  Comput. 
Chem. 1983,4,294-301. 
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Scheme 1. Proposed Reaction Paths for HSiO- + COZ 
H S i O  + C02 
Hydride Transfer 
Si0  + HCO; 
. ] -[-I HSi- 0-C 7’ 
11 O 
\\ 
CO Extrusion 
- HSi02’+C0 /O\ H--Si’ 
\ 0 /c=o 
pathsB were followed to verify the minima connected by the 
transition state. 
The final energies, determined at the MP2/6-31++G(d,p) 
geometries, were obtained with fourth-order perturbation 
theory (MPISDTQ) using the larger 6-311++G(d,p) basis set.g 
This energy is denoted as MP4SDTQ/6-3ll++G(d,p)//MP2- 
(full)/6-31++G(d,p). The energy differences corrected with 
MP2 zero-point energies thus correspond to the enthalpy 
differences at  absolute zero, W ( 0 ) .  Energy differences 
discussed in the remainder of the text refer to this highest 
level of theory. 
The Bader atoms in molecules analysis (AIM) was used to 
interpret the bonding.l0 According to this model, a saddle 
point in the electron density between two atoms (referred to 
as a “bond critical point”) is taken as an indication that a 
chemical bond connects those two atoms. The electron density 
g, at the bond critical point reflects the relative bond strength 
for a given pair of atom types (e.g., C-C), and the bond critical 
point is closer to the less electronegative atom of the two atoms 
in the bond. 
The majority of the calculations reported here were per- 
formed using Gaussian92,11 following preliminary restricted 
Hartree-Fock (RHF) geometry optimizations with GAMESS.12 
Some MP2 geometry optimizations were performed using 
CADPAC4.2.13 
Results and Discussion 
1. Preliminary Considerations. The MP2/6- 
3l++G(d,p) geometries for all of the stationary points 
found on the potential energy surface are summarized 
in Figure 1, and schematics for the reaction mechanism 
are presented in Figure 2 and Scheme 2. The total, 
zero-point, and relative energetics are summarized in 
Table 1. The main reaction channels, as illustrated in 
(8) (a) Garrett, B. C.; Redmon, M. J.; Steckler, R.; Truhlar, D. G.; 
Baldridge, K. K.; Bartol, D.; Schmidt, M. W.; Gordon, M. S. J .  Phys. 
Chem. 1988,92,1476-1488. (b) Gonzales, C.; Schlegel, H. B. J .  Phys. 
Chem. 1990,94,5523-5527. (c )  Gonzales, C.; Schlegel, H. B. J .  Chem. 
(9) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J .  A. J. Chem. 
(10) Bader, R. F. W. Act. Chem. Rev. 1986, 18, 9. 
(11) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; 
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, 
M. A,; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; 
Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; 
Baker, J.; Stewart, J .  J. P.; Pople, J .  A. Gaussian 92; Gaussian Inc., 
Pittsburgh, PA, 1992. 
(12) GAMESS (General Atomic and Molecular Electronic Structure 
System): Schmidt, M. W.; Baldridge, K. R; Boatz, J. A.; Elbert, S. T.; 
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. 
A,; Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. J .  Comput. 
Chem. 1993, 14, 1347-1363. 
(13) Amos, R. D.; Rice, J. E. CADPAC: Cambridge Analytic Deriva- 
tives Package, issue 4.2, 1989. 
Phys. 1991,95, 5853-5860. 
Phys. 1980, 72, 650-654. 
Figure 2 and Scheme 2, are (transition states are 
indicated with a superscript $) 
1. hydride transfer 
HSiO- + CO, - a dS e h * Si0 + HC0,- 
2. oxygen transfer 
HSiO- + 
CO, e c * g S  = j  * nS = q  HSi0,- + CO 
3. oxygen exchange 
(a) four-membered-ring intermediate 
HSIO- + Con i 
(b) h - KS -h  
Note that intermediate h and transition state k are 
both lower in energy than HSiO- + C02, so that this 
simple oxygen exchange reaction may occur with the 
energy available from the reactants. This is consistent 
with the experimental conclusions, noted earlier, based 
on isotopic substitutions. Similarly, intermediates a ,  b ,  
and i and the transition states connecting them to each 
other (e,  f ,  are all lower in energy than the separated 
reactants. Therefore, all of these species in the oxygen 
exchange cycle are accessible with the energy available 
from the reactants. As shown in Figure 2, all species 
in the hydride transfer and oxygen transfer routes are 
also lower in energy than the separated reactants. 
Thus, from the perspective of the potential energy 
surface all three routes summarized above are energeti- 
cally feasible. 
There are in addition two stationary points ( I ,  m )  that 
lie above the initial reactants, HSiO- + C02. Structure 
1 is a transition state that leads from the four-membered- 
ring intermediate i to a cyclic carbene 0.  Saddle point 
m connects i with the complex q that leads to CO 
extrusion. The high barriers (Table 1) predicted for I 
(62.7 kcal-mol-’) and m (21.0 kcalsmol-l) suggest that 
CO production from the four-membered ring is unlikely. 
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90.96" 
n 95.23' 
0-3-0 130.64" 
H-Si-0-C -93.89" 
0-SI-0-C 107.83" 
SI-0-C-0 .175.68" 
0' 
Figure 1. MP2 optimized geometries. 
2. Energetics. Hydride Transfer. As shown in 
Table 1, all stationary points on the hydride transfer 
reaction path (see also Scheme 2 and Figure 2) lie below 
the reactants HSiO- + COz. The initial ion-molecule 
complex a is 8.9 kcal-mol-l downhill. This complex a 
may follow two competing paths, hydride transfer via 
transition state d to form complex h, and four-membered- 
ring formation (i via transition state e). The energy of 
the hydride transfer transition state (d) is predicted to 
be only 0.7 kcal*mol-l lower than the transition state 
( e )  that leads to four-membered-ring formation. Com- 
plex h has the lowest energy on the potential energy 
91 60; 
~ ~ - . c . a \ \  0 
1 152A 
surface, lying 35.4 kca  sol-l below the initial reactants. 
No intervening barrier has been found between h and 
the final products, HC02- + SiO. The energy of HC02- + Si0 is slightly higher than that of the hydride transfer 
transition state (d ) ,  but these products are still -4 
kcalmol-l below the reactants. Since this entire seg- 
ment of the reaction surface is lower than the initial 
reactants in energy, all species are energetically acces- 
sible. 
oxygen Transfer. Complex c is a few kcalmol-l less 
stable than the other two ion-molecule complexes (a ,  
b) .  The barrier at transition state g, that separates c 
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Scheme 2. Calculated Reaction Paths for HSiO- + COf 
HSiO + C02 
Hydride Transfer &member Ring Formation Oxygen Transfer 
11 11 
H Ring Rearrangement CO Extrusion 
Si0 + H C O i  
a Labels adjacent to arrows refer to transition states. 
S i 0  + HCOi 
k 
A ,  w 
\ \ 1 HSiO;+CO 
0 P 
Figure 2. Schematic potential surface ([MP4SDTQ/6- 
3ll++c(d,p)//MPS(ful1)/6-3l++G(d,p)] level). 
from the three-membered ring j, is very small (0.1 
kcal-mol-'); therefore, this transition state may well 
disappear a t  higher levels of theory. Such an occurrence 
would result in the direct formation of the three- 
membered ring from the separated reactants. The 
HSiOi + CO 
energy of the three-membered ringj is similar to that 
of the four-membered ring i. Both structures are about 
25 kcalmol-' below HSiO- + C02. The ring scission 
reaction via transition state n, in which the three- 
membered ring opens to form a complex (q) between 
HSi02- and CO, has a small (5.0 kcal-mol-') barrier. 
The ion-molecule complex (4) in the exit channel is 8.0 
kcal-mol-l lower in energy than the three-membered 
ring, and the final products HSi02- + CO are only 3.2 
kcal-mol-' above q. There is apparently no barrier to 
decomposition from q. As noted for the hydride transfer 
path, all stationary points on the oxygen transfer path 
are also lower in energy than the initial reactants. 
Therefore, the observed branching ratio for the two 
paths must be determined by the detailed dynamics of 
the reaction. 
Four-Membered-Ring Formation. There are two 
routes14 to the four-membered ring i, starting from the 
(14) In each route, at the MP2/6-31++G(d,p) level of theory, there 
is an additional transition state and minimum (between a, e or b,  f) .  
In each case, these additional stationary points disappear (that is, the 
transition state falls below the minimum in energy) at  the MP4/6- 
311++G(d,p) level of theory; these stationary points are likely to be 
artifacts and are therefore not discussed in the text. 
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Table 1. Energetics of the HSiO- + COZ Reaction Network - - 
MP2(f~ll)/6-31++G(d,p)//MP2(f~ll)/6-31++G~d,p~ MP4SDTQ(fc)/6-3 11 ++G(d,p)//MP2(f~ll)/6-3 1 ++G(d,p) 
Eha r t r ee  ZPEkcabmol-’ AH(0)kcal*mol-l Eha r t r ee  AH( 0 )/‘kcal.mol- 
HSiO- + cog -552.783 97 12.2 0.0 
a 
b 
d 
e 
f 
g 
h 
i 
j 
k 
I 
m 
n 
C 
0 
P 
4 
S i 0  + HC02- 
HSi02- + CO 
-552.799 76 
-552.798 41 
-552.791 23 
-552.790 97 
-552.799 01 
-552.798 82 
-552.791 18 
-552.861 38 
-552.842 39 
-552.841 67 
-552.819 87 
-552.700 56 
-552.757 81 
-552.827 77 
-552.839 80 
-552.812 44 
-552.845 67 
-552.799 73 
-552.839 12 
12.9 
12.7 
12.5 
12.5 
14.2 
14.0 
12.4 
16.6 
15.5 
14.8 
16.3 
12.2 
13.4 
13.5 
14.8 
13.2 
12.4 
14.5 
11.9 
~~ 
-9.1 
-8.5 
-4.2 
-4.0 
-7.4 
-7.5 
-4.3 
-44.2 
-33.3 
-33.6 
-18.4 
52.4 
17.6 
-26.1 
-32.4 
-16.8 
-38.5 
-7.6 
-34.9 
ion-molecule complexes a and b. These complexes are 
nearly isoenergetic, as are the corresponding transition 
states e and f .  The barrier heights that lead from 
complexes a and b to the four-membered ring are 4-5 
kcal-mol-l, and the ring is 26.6 kcal*mol-l below HSiO- 
+ C02. Once this ring has been formed, it can rearrange 
to form the cyclic carbene o or extrude a CO via complex 
q. As noted earlier, each of these last two processes 
involves a large barrier (at 1 and m, respectively); thus, 
these reactions are not likely to occur, except at high 
temperature. A more energetically accessible route to  
CO production has already been discussed. 
3. Structure and Bonding. The geometries for the 
structures discussed in this work are summarized in 
Figure 1, and the imaginary normal modes for the 
saddle-point structures are shown in Figure 3. As noted 
earlier, each minimum energy path, starting from the 
direction indicated by the imaginary frequency at  the 
transition state, was traced to  the connecting reactants 
and products (at the Hartree-Fock level of theory) to 
verify that these compounds do indeed connect. 
It is interesting to  compare the three HSiO--C02 
complexes (a ,  b ,  and c )  using the molecular electrostatic 
potential map (MEP map) of HSiO- shown in Figure 4. 
The MEP map exhibits three negative maxima, indi- 
cated by “a”, “b”, or “c” on the figure. These maxima 
correspond to the points of interaction with C02, result- 
ing in structures a ,  b, and c. Moreover, the ion- 
molecule distances, as measured by the Si-C or 0-C 
distance, correlate with the magnitude of the potential, 
the ion-molecule interaction increasing in the order c 
< b -= a.  According to the Mulliken population analysis, 
there is only nominal charge transfer from HSiO- to  
C02: 0.059,0.051, and 0.044 for a ,  b, and c,  respectively. 
These results suggest that initial formation of the ion- 
molecule complexes is mainly based on electrostatic 
interactions and that the internal electronic structure 
of each fragment remains essentially unchanged upon 
complex formation, except for a slight bending of the 
0-C-0 angle. 
The structure of transition state d is closer to that of 
a than to that of h. This is consistent with the 
-552.959 76 
-552.975 15 
-552.973 33 
-552.967 09 
-552.967 55 
-552.969 03 
-552.968 01  
-552.966 69 
-553.023 26 
-553.007 56 
-553.003 74 
-552.981 20 
-552.859 95 
-552.928 16 
-552.993 73 
-552.999 44 
-552.976 75 
-553.012 75 
-552.969 63 
-553.006 84 
0.0 
-8.9 
-7.9 
-4.2 
-4.5 
-3.8 
-3.4 
-4.1 
-35.4 
-26.6 
-25.0 
-9.3 
62.7 
21.1 
-20.0 
-22.2 
-9.6 
-33.0 
-3.9 
-29.8 
Hammond Postulate,15 since h is much lower in energy 
than a. The C-0 length in d is not much different from 
that in isolated COS, and the Si-H length is only 0.02 
A longer than that in a. The electron densities ec at  
the bond critical points are shown in Figure 5, for a ,  d ,  
and h. The weak C3O2 bond in complex a and the weak 
C3H4 bond in transition state d are apparent from the 
relatively small values for Qc in these bonds. Qc is also 
small for the Sil-05 bond in h. 
In the intermediate h, Si is connected to an oxygen 
(05)  that originally was in the C02 molecule, with a Si- 
0 5  distance of 1.88 A. Though this is quite long for an 
Si-0 single bond, it is shorter than the analogous 
distances found in the complexes a ,  b, and c. The C-05 
distance of 1.32 A may be compared with the C-OS 
distance of 1.22 A. These distances suggest that 0 5  
forms partial bonds with both Si and C, and this is 
supported by the large electron densities at the bond 
critical points (Figure 5). For example, ec for Sil-05 
in h is about 50% of that for Sil-02, a nominal double 
bond. In contrast, the very weak C302 bond in complex 
a has a Qc value which is only 5% of that for c305. 
A plot of the total density for the three-membered- 
ring speciesj is shown in Figure 6. As expected for a 
strained ring, the Si-C bond path is bent. As has been 
illustrated for neutral analogs,16 the C - 0  and Si-0 
bond paths are less bent than the Si-C bond path. 
Upon dissociation of C-0, Si-C stays weakly bound up 
to the transition state n while the C-0 distance 
changes from 1.39 to 1.94 A. The product q is an ion- 
molecule complex connecting HSi02- and CO. The 
geometries of both fragments in g are very similar to 
those in the product molecules. 
The transition states (e and f ,  that lead to the 
formation of the four-membered ring i from a and b ,  
respectively, differ mainly in their H-Si-O-C torsional 
angles (Figure 1). In both e and f ,  the Si-0 distance is 
slightly longer than a normal Si-0 single-bond length, 
and the internal C-0 distance is about 0.1 A longer 
(15) Hammond, G. S. J .  Am. Chem. SOC. 1955, 77, 334. 
(16) (a) Boatz, J. A.; Gordon, M. S. J. Phys. Chem. 1989, 93, 3025. 
(b) Boatz, J. A,; Gordon, M. S.; Sita, L. R. J .  Phys. Chem. 1990, 94, 
5488-5493. 
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d 4 19.2i cm-I e 192.6i cm-1 f 25 1 S i  cm-* 
W 
k 281.9i crn-1 1 75 1 .Oi cm-1 
W 
i n  876.01 cm-1 t1 
Figure 3. Reaction mode of each transition state. 
, 
- 1  
, 
I 
, 
Figure 4. Molecular electrostatic potential of HSiO- 
(electrostatic potential was calculated for a +0.001 test 
charge, and spacings between lines are 20 kcal-mol-l): 
(solid line) positive; (widely spaced dotted line) zero; 
(dashed line) negative. 
than a normal C-0  single bond. Although the four- 
membered ring i is 26.6 kcal-mol-l below HSiO- + COZ 
a 
267.8i cm-1 Y 410.7i cm-1 
and therefore has a relative1 stable structure, its Si-0 
bonds are quite long (1.84 l ). 
At transition state m, connecting i with the HSi02-- 
CO complex q, one C-0 bond is elongated to 2.17 A, 
while the other stays at rough1 a single-bond length. 
One of the Si-0 bonds is 1.65 1, and the other is 1.70 
A. While a normal single Si-0 bond is very strong and 
the extrusion reaction is actually exothermic, a t  the 
initial stage of the reaction there apparently is not 
enough energetic gain from shortening the Si-0 bonds 
to compensate for the C-0 bond breaking. As a result, 
there is a large 47.7 kcal-mol-l barrier for this process. 
Conclusion 
The potential energy surface for the reaction system 
of HSiO- + COZ has been explored in detail. In general, 
this surface has many characteristics that are typical 
for ion-molecule reactions. Strong electrostatic inter- 
actions between the ion and the neutral substrate lead 
to the formation of ion-molecule complexes that may 
be bound by as much as 10-30 kcal-molt1. Once 
formed, these ion-molecule complexes may rearrange 
through intramolecular isomerizations to  more stable 
structures, leading eventually to dissociation into final 
products. The ultimate fate of these compounds de- 
pends on two factors: the initial energy available to the 
reacting species and the heights of any barriers to the 
rearrangements of the ion-molecule complex. If, as in 
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The potential surface described in this work is in good 
agreement with the experimental results. The main 
path leading to HSiOz- + CO is oxygen extraction by 
HSiO- via a three-membered-ring intermediate. The 
reaction that produces HC02- + Si0 is the single 
hydride transfer. All stationary points (intermediates 
and transition states) on both paths are lower in energy 
than the initial reactants; therefore, both reactions can 
take place easily. Exploration of the reaction dynamics 
would be required to understand the observed branching 
ratio. The formation of a four-membered-ring interme- 
diate does not play an important role in determining 
the fhal products, because there is a large (18 kcalmol-l) 
barrier to  CO extrusion from this intermediate. In- 
stead, the four-membered ring acts as a oxygen ex- 
change intermediate. 
This paper once again highlights the importance of 
carrying out accurate ab initio calculations to gain 
mechanistic insights into the gas-phase ion-molecule 
reactions of low-valent silicon species. Just as a previ- 
ous theoretical5 paper revealed a plausible new channel 
for the reaction of HCSi- with COS, this paper sheds 
new light on the reaction of HSiO- with COz. In 
particular, this paper demonstrates that the originally 
proposed mechanism needs some revision. Although the 
four-membered-ring intermediate i is a key intermediate 
in the oxygen scrambling process, contrary to the 
original hypothesis, extrusion of CO from this interme- 
diate is not energetically favored. Instead, the three- 
membered-ring intermediate j ,  which can be formed 
either directly from the reactants or  indirectly via the 
four-membered-ring intermediate, undergoes facile loss 
of CO to form the observed products. Thus, the observed 
partial scrambling process for the loss of CO is likely to 
involve the following process (Scheme 2): HSiO- + C02 
-c b -c VI -c i -c PI -c b -+ c -c &7$] -+ i - In$] -. q - 
HSi02- + CO. Oxygen exchange in the hydride transfer 
reaction is equally fascinating, occurring via two com- 
peting processes. The first process also occurs via the 
four-membered-ring intermediate: HSiO- + CO2 - a 
orb  - [e* orpl- i -+ [et1 a - [&I -h  -. HC02- + 
SiO. A novel second exchange process, occurring within 
the product ion molecule complex h, has been revealed 
in this study: HSiO- + COz - a - Idm] - h - [ K $ l -  h - HCOz- + SiO. Without modeling the dynamics of 
these competing processes, it is impossible to determine 
which dominates the observed oxygen exchange. 
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Figure 6. Electron density on the bond critical points at 
the stationary points along the hydride transfer (units are 
milli( atomic units)). 
Figure 6. Electron density and bond path ofj. Bond paths 
are denoted by dark lines between atomic centers. 
the experiments related to the calculations presented 
here, only thermal energies are available, any signifi- 
cant barriers will be insurmountable. When the neutral 
species have highly polar bonds, as in the case here, it 
is likely that relatively stable cyclic intermediates will 
form. 
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